Introduction
[2] Australia is a minor dust source to the global atmosphere in comparison to North Africa, the Middle East and northeast Asia [Prospero et al., 2002] . The numerical study of Tanaka and Chiba [2006] suggests that the annual dust emission from Australia is about 106 Tg in contrast to 1087 Tg from North Africa and 575 Tg from Asia (including Arabian Peninsula, Central Asia and China). The maximum dust event frequency is around 5 yr À1 , which occurs in central Australia [McTainsh and Pilblado, 1987] . However, severe dust storms do occur under certain atmospheric and land surface conditions, especially in drought years. Past severe events include the 8 February 1983 Melbourne, the 1 December 1987 Brisbane, the 8 February 1996 central Australia dust storms [Raupach et al., 1994; Knight et al., 1995; . According to McTainsh et al. [2005] , the 22-23 October 2002 dust storm in eastern Australia was the largest in at least the past 40 years: It covered the largest area of the continent and carried the largest dust load.
[3] McTainsh et al. [2005] and Chan et al. [2005] studied the 22-23 October 2002 dust event in detail and estimated the dust load from dust concentration derived from synoptic visibility data using an empirical relationship. They found that the total dust load associated with the dust storm falls between 3.35 and 4.85 Mt. However, questions such as the distribution and intensity of dust emission and dust deposition, dust storm structure, etc., could not be satisfactorily answered through synoptic analysis alone. We are thus motivated to carry out a numerical simulation of the 22-23 October 2002 dust event to provide estimates of these quantities.
[4] Since the late 1980s, integrated models for global, regional and local dust problems have been constructed, which couple modules for atmospheric, land surface and aeolian processes with land surface parameter databases, so that the main processes and environmental factors for dust storm development are accounted for. Early attempts on dust modeling were made by Westphal et al. [1988] , Gillette and Hanson [1989] , and Joussaume [1990] . Examples of global dust models include the studies of Zender et al. [2003] , Ginoux et al. [2004] , and Tanaka and Chiba [2006] . Examples of regional dust models include the studies of Wang et al. [2000] , Nickovic et al. [2001] , Uno et al. [2001] , and Liu et al. [2003] . Seino et al. [2005] simulated dust storms in the Tarim Basin using a mesoscale model, and Uno et al. [2005] applied the multinesting technique to modeling dust events in the Tarim Basin. Shao et al. [2003] applied an integrated dust models to the real-time prediction of Asian dust storms. However, most of the recent modeling works are concerned with North African and northeast Asian dust storms, not Australian dust storms. Several numerical studies on Australian dust storms were carried out in the late 1990s .
[5] In this paper, we present a numerical simulation of the 22-23 October 2002 Australian dust event. The objectives of the study are (1) to estimate the amount of dust emission, load and deposition, so that Australian dust storms can be put into perspective with respect to those in other areas of the globe; and (2) to investigate the synoptic features of Australian dust storms, including dust storm structure and dust motion in the atmosphere.
Dust Model
[6] The dust model used in this study is Computational Environmental Modeling System 5 (CEMSYS5), which consists of an atmospheric model, schemes for land surface processes, wind erosion, dust transport and deposition, and a geographic information system (GIS) database. The atmospheric model of CEMSYS5 is a limited area model [Leslie and Wightwick, 1995] . The original version of model has been modified considerably and now has advanced treatments for atmospheric dynamic and physic processes, including advection, convection, turbulent diffusion, radiation, clouds and the atmospheric boundary layer. The land surface scheme used in the study is Atmosphere and Land Surface Interaction Scheme (ALSIS [Irannejad and Shao, 1998] ). ALSIS simulates soil moisture and temperature in the unsaturated zone and land surface energy, mass and momentum fluxes.
[7] Dust is divided into I particle size groups. The wind erosion scheme of Shao [2001 Shao [ , 2004 is used to estimate wind erosion threshold friction velocity, saltation flux and dust emission rates for different particle size groups. In this paper, we have set I = 6, although the model formally allows an arbitrary choice of I. The representative particle diameters for the six groups are 2, 11, 22, 52, 90 and 125 mm. The scheme takes into consideration of three dust emission mechanisms (aerodynamic entrainment, saltation bombardment and aggregates disintegration) and predicts thatF
whereF is the dust emission rate for the ith size group with size d i generated by the saltation of particles of size d s , c y is a dimensionless coefficient, h fi is the mass fraction of dust in the parent soil for the ith size group (if in a soil, for example pure sand, dust of size d i is not present, i.e., h fi = 0, then dust emission of size d i is not possible) and g is a weighting function which satisfies
Q is the saltation flux of d s ; for a given d s , Q can be calculated using the Owen [1964] model; g is acceleration due to gravity;
being the minimally and fully dispersed particle size distributions, respectively. The Owen [1964] model predicts Q for given d s as follows:
with c o being a dimensionless coefficient of order 1. The bombardment efficiency s m is estimated by
where r b is soil bulk density and p is soil plastic pressure. The rate of dust emission for the ith particle size group is determined byF
where d 1 and d 2 are the lower and upper limit of saltation particle size. The total dust emission rate is [2004] compared the predicted and measured F for several soil texture and surface conditions, and found that c y falls between 10 À5 and 5 Â 10 À5 and p between 1000 and 50000 Pa.
[8] The threshold friction velocity for the surface u *t is expressed as
where u * t0 (d s ) is the threshold friction velocity for sand particle of size d s in the idealized situation when soil is dry, bare and free of salt and crust. In this study, u * t0 (d s ) is calculated using the expression given by Shao and Lu [2000] . The multiplicators f l , f w , f sc and f cr are correction functions for surface roughness elements, soil moisture, salt concentration and crust, respectively. The correction function f l follows Raupach [1992] and Raupach et al. [1993] and f w follows Fécan et al. [1999] . At this stage, we know little about salt concentration and soil surface crust and have therefore set f sc and f cr to one.
[9] Dust transport through advection, (subgrid) convection and diffusion has been considered. The evolution of dust concentration obeys the mass conservation equation, which is numerically solved simultaneously with the atmospheric model equations. The particle eddy diffusivities in the conservation equation are calculated following Csanady [1963] . The treatment of subgrid convective dust transport built upon the Kain and Fritsch [1993] scheme is as described by Jung et al. [2005] . The dry deposition velocity is parameterized following Raupach et al. [2001] , and the (below cloud) wet deposition is as described by Jung and Shao [2006] .
[10] The area of simulation is (110°E, 45°S) to (170°E, 5°S) with a spatial resolution of 50 km. The s coordinate system is used and the atmosphere is divided into 25 vertical layers with smaller increments near the surface. The National Centers for Environmental Prediction -National Center for Atmospheric Research (NCEP-NCAR) reanalysis data are used for specifying the initial and boundary conditions for the atmospheric model of CEMSYS5. The boundary conditions are updated every 6 hours. CEMSYS5 is run for October 2002 by making sequential 24 hour runs, i.e., at the beginning of each 24 hour run, the atmospheric variables (temperature, wind, humidity, etc.) are initialized using the NCEP-NCAR reanalysis, while the dust variables are initialized using the predictions of the previous day. The atmospheric, land surface and dust fields are updated every two minutes, but all outputs are hourly averages.
[11] The surface is screened and divided into the categories of nonerodible and erodible lands. Dust emission is calculated only for the latter category and in this case, the land surface data are used to calculate threshold friction velocity (u * t ), sand drift and dust emission. The calculation of u * t requires roughness (mainly vegetation) frontal area index l and soil moisture as inputs. The latter is obtained from the ALSIS simulation for the top 50 mm soil layer. In this study, l is derived from a combination of satellite Normalized Differential Vegetation Index (NDVI) data and vegetation-type data. Empirical relationships are used to estimate l from advanced very high resolution radiometer (AVHRR) NDVI grid data.
[12] The soil-and vegetation-type data are essentially those of National Soil Resources Institute [1980] and Australian Surveying and Land Information Group (AUSLIG) [1990] . The spatial resolution of the data is 5 Â 5 km. Australian soils are classified into 28 soil classes, e.g., shallow permeable sandy soil, deep massive earths, cracking clay soils with low permeability, etc. For each soil class, there is a qualitative description of the soil properties and landforms. The 28 soil classes are regrouped into 11 USDA (United States Department of Agriculture) soil texture classes ranging from sand to clay . A number of soil samples have been collected in Australia and their p m (d) and p f (d) are determined through laboratory analysis [McTainsh et al., 1997] .
[13] The Australian vegetation is divided into 35 classes according to height, density and number of canopy layers.
Among the 35 classes, the most extensive cover, 31.5% of the continent, is tall shrublands in sparse open form, followed by low woodlands and low open woodlands, 27%, and other medium and short vegetation, 22%. On the basis of the vegetation data, estimates are made for quantities such as vegetation height, albedo and minimum stomatal resistance.
[14] The horizontal resolution of the dust fields of concentration, emission, etc., is determined by those of the atmospheric model and the GIS data. In this study, the atmospheric model resolution is 50 km. The GIS data sets, with various resolutions as described above, are formally unified at a resolution of 5 km by applying spatial interpolation to the lower resolution data and averaging to the higher resolution data. To increase the accuracy in the calculation of dust emission, the mosaic subgrid closure is applied to the dust scheme. For each atmospheric model cell, the land surface cells of the same soil type and similar vegetation cover are grouped into a tile. Typically an atmospheric model cell contains up to 10 tiles. The dust emission rate for each tile is calculated and the atmospheric model cell is calculated as the tile-area-weighted average of the rates for the tiles.
Comparison With Dust Measurements

In Situ Measurements
[15] In situ measurements of dust concentration or total suspended particulates (TSP) were made by a high-volume sampler during the event in one of the dust source regions at Buronga in southwest New South Wales (NSW). Data on downwind dust concentrations (PM10) were available for the coastal cities of Sydney, Brisbane, Gladstone, and Mackay . All measurements are daily averages. A comparison of the model estimates and the TSP and PM10 measurements are shown in Table 1 .
[16] For Buronga, the observed and simulated dust concentrations are consistent, both in magnitude and temporal variation. At this site, the highest dust concentration occurred on 22 October 2002. For this day, the measured average TSP was 446 mg m À3 and the model predicted was 344 mg m
À3
. When the dust storm passed through Buronga between 0930 and 1200 UTC 22 October 2002, the visibility was around 4.8 km and the corresponding dust concentration estimated using equation (10) (see section 3.2) was around 1200 mg m
. The model simulation suggests that the high dust concentration region at this time was located to the north and northwest of Buronga. At Buronga, the predicted peak dust concentration was 700 mg m
, but For Buronga, average TSP data, while for Sydney, Brisbane, Gladstone and Mackay, average PM10 data, as reported by Chan et al. [2005] are used for comparison. For the four coastal cities, the measured peak value and the time (in UTC) of its occurrence are listed in parentheses. about 4000 mg m À3 at Deniliquin (about 250 km southeast of Buronga) and 7000 mg m À3 at Broken Hill (about 250 km northwest of Buronga), but no observations were available at these locations for comparison.
[17] As the four cities of Sydney, Brisbane, Gladstone and Mackay are all located at the eastern coast of Australia, dust observed there was transported from inland areas. In Figure 1 , the predicted and observed hourly PM 10 concentration for the four cities are compared. The observations are as reported by Chan et al. [2005] . In general, the model reasonably well captured the timing and intensity of the dust front passage through the four cities. For Brisbane and Gladstone, the predicted temporal evolution and magnitude of the PM 10 concentration are consistent with the measurements, but for Brisbane, the predicted dust episode lasted longer than the observed. This is likely an model artifact caused by the rather coarse model resolution of 50 km. The PM 10 measurement and various other reports indicate that dust briefly affected Sydney in the morning of 23 October 2002, with PM 10 concentration reaching 250 mg m
. The model correctly predicted the time of the dust arrival, but under predicted the concentration. For Mackay, the model under predicted the concentration by a factor of 5, but the temporal evolution is well reproduced. In fact, if the predicted PM 10 concentration for Mackay is multiplied by 5, then the predictions and observations would agree quite well. The under prediction for Mackay is probably due to the under prediction of dust emission in north Queensland.
Visibility Data
[18] Visibility data were available from 96 weather stations in Australia. The spatial coverage of the station network is patchy, with higher densities in the eastern half of the continent than in the west. Dust-derived visibility data only were used, by selecting visibility data with an accompanying dust code at the time of observation or less than 3 hours since the previous observation time. Data availability throughout the event varied depending on the number of stations making observations at the time. For example, for the four times of the event discussed in section 3.3, the percentage of stations recording ranged from 44% at 2100 UTC 22 October to 94% at 0000 UTC 23 October 2002. These two issues limit the utility of the visibility data.
[19] Visibility can be converted to dust concentrations concentration using empirical relationships. As weather stations are relatively widely distributed, the visibility data are currently the most suitable data for verifying the predicted pattern of near-surface dust distribution. Different empirical relationships for the estimation of dust concentration, C, from visibility, V, have been proposed by Chepil and Woodruff [1957] , Patterson and Gillette [1977] , Tews [1996] , and Shao et al. [2003] :
Patterson and Gillette 1977
Tews 1996 ]. However, dust concentration estimated in this way has large uncertainties for three reasons: (1) the data set used for deriving the empirical equation is small; (2) the dependency of visibility on dust concentration is affected by dust particle size and humidity; and (3) visibility measurements are subjective and often inaccurate. For a given value of V, the estimates of C using the above four equations may greatly differ. In this study, equation (10) is used to convert visibility to dust concentration for comparison with model predictions, the reason being that it is derived based on a more reliable set of measurements. Equations (7) and (8) tend to over estimate dust concentration, while equation (9) tends to under estimate dust concentration.
[20] Figure 2 shows a comparison of the simulated and visibility-derived near-surface dust concentration at four different times. The basic features of the predicted and observed dust patterns are consistent. At 0600 UTC 22 October 2002, dust storms were developing in South Australia (SA) and Victoria (Vic). For the next 15 hours, the model predicted a rapid intensification and northeastward propagation of dust storms. By 0000 UTC 23 October 2002, dust storms were wide spread with the highest dust concentration occurring in southern Queensland (Qld), northern SA and northwestern New South Wales (NSW). In the next 6 hours, the dust storms were moving further northeastward, affecting even larger areas, but gradually weakening.
[21] Some discrepancies exist between the predicted and observed dust patterns. For example, according to the model prediction, dust concentration was highest at 2100 UTC 22 October 2002, and dust was wide spread. However, dust weather was reported only for a small number of stations. A possible explanation for this discrepancy is that at that time, the dust-affected areas were mostly desert where few weather stations exist. Further, at 2100 UTC (0600 LT 23 October (Eastern Standard Time)) routine observations were made only at 44% of the weather stations. Judging from the evolution of the dust event, the predicted dust pattern is reasonable. Another discrepancy is that the model did not predict the observed dust pattern in the vicinity of Sydney on 23 October 2002. It is certain that the dust observed there was transported in the first instance from the northwest. The dust probably originated from the agricultural areas in inland NSW and Vic, which was advected toward northeast and then southwest to the Sydney region, following the clockwise-curved streamlines of the trough. It is likely that the dust emission from the agricultural areas in inland NSW and Vic was underestimated due to the inaccuracies of land surface data for these areas.
Satellite Images
[22] The dust storm was observed by both the GMS and the SeaWIFS satellites (Figure 3) . From the SeaWIFS image for 0000 UTC 23 October 2002 , a dust front can be seen with its maximum extent being about 2400 km long and up to 400 km across. According to McTainsh et al. the dust ceiling was about 1.5 to 2.5 km in height. A comparison of the GMS image with the predicted dust concentration patterns on 900, 850 and 700 hPa (approximately 1000, 1500 and 3000 m above ground) is shown in Figure 3 . Air column dust load has also been calculated (not shown) and it is found that the pattern of dust load is very similar to that shown in Figure 3a . This is not surprising because in the early stages of the dust storm development, much of the dust is confined to the lower layers of the atmosphere. The predicted dust pattern is in good agreement with the satellite image. Relatively high dust concentration occurred over Qld and northeast NSW. The vertical structure of the dust clouds was rather complex. Near the surface, dust was wide spread. Dust concentration decreased rapidly with height. At 700 hPa level, only a narrow dust band along the eastern coast of Australia can be seen. Unfortunately, the near-surface dust distribution cannot be ambiguously identified from the satellite image, as both the temperature and the color of the near-surface dust were probably close to those of the ground surface. The predicted dust field suggests that the dust front stretched from the eastern coast of Australia, over Northern Territory (NT) and well into Western Australia (WA). This is consistent with the near-surface observations. The western part of the dust front (section C) could not be clearly seen, but a faint dark band was identifiable. Also, the predicted dust front section B stretching toward the Gulf of Carpentaria could not be clearly seen from the GMS image (Figure 3d ) apart from a light colored faint band. However, section B can be clearly seen from the NOAA16 satellite image for 0350 UTC 23 October 2002. The model prediction suggests that along section B, the dust clouds were lower than along sections A and F.
[23] The model also predicted dust over the western WA (near NW Cape). The Earth Probe TOMS aerosol index for the time period was high in that area (not shown) and it is very likely that the predicted dust indeed occurred. Unfor- tunately, several fires were also burning at the time and it is thus difficult to unequivocally identify dust from the TOMS aerosol index.
Dust Storm Structure
[24] The dust storm was closely related to the northeastward propagation of a cold front. At 0000 UTC 22 October, a low over the Southern Ocean was centered at (140°E, 50°S) and a high was located just to the south of Perth. The cold front extended from the low-pressure center to the Great Australia Bight. Strong post frontal southerly airflow was directed onto the southern coast of the continent. This low-pressure system was preceded by a prefrontal trough which extended from the Eyre Peninsula north to northwest Australia. As a consequence, moderate to a strong hot dry north westerly was blowing over parts of SA, Vic and western NSW. Dust storms were reported in northern Vic and western NSW. In the next 48 hours, the low was moving eastward rapidly. This was accompanied by the rapid northeastward propagation of the cold front and the high-pressure system behind it. By 1200 UTC 23 October 2002, the entire Australian continent was dominated by the high-pressure system.
[25] Figure 4 shows the simulated near-surface wind field and dust concentration for 1800 UTC 22 October 2002 and 0000 UTC 23 October 2002. Comparisons with synoptic observations confirm that the flow field is well simulated. At that time, the cold front was an arc-shaped narrow region stretching from NSW to WA, as can be seen from the dense temperature contours (for simplicity only five contours are drawn). Strong southwesterly wind (maximum 12 ms À1 ) prevailed behind the cold front resulting in strong dust emission and high dust concentration. The dust was carried northeastward by the southwesterly to converge to the frontal area, resulting in high dust concentration near the front. The dust was then transported northwestward and southeastward along the front. As a consequence of this converging (normal to front) and diverging (along front) flow pattern, the dust storm affected a large area, although the area of dust emission was much smaller.
[26] In eastern Australia, the dust front was advancing rapidly northeastward. Within the next four hours, the dust front advanced more than 350 km. At 0000 UTC 23 October, dust was wide spread, although the maximum concentration was somewhat lower than that at 1800 UTC 22 October. According to the surface observations, at about 0000 UTC 23 October, the dust front passed over Sydney reducing visibility at the Sydney airport to 6 km. The model did not quite correctly predict the very southern section of the dust front.
[27] The airflow and dust concentration fields on surface, 950 hPa, 850 hPa and 600 hPa are shown in Figure 5 for 2000 UTC 22 October 2002. Close to the surface (Figures 5a and 5b) , the cyclonic flow associated with the low-pressure system (located to the south of Tasmania) dominated much of Australia, while the anticyclonic flow affected mainly WA. The anticyclonic flow became more prominent in the upper levels, while the cyclonic flow was confined to southeast Australia. The center of the anticyclone was located over northwest Australia. On 600 hPa, dust concentration was rather low. This flow pattern enabled the dust particles entrained in SA and central Australia to be transported in three directions. (1) In southeast Australia, dust particles were carried by the cyclonic flow toward the cyclone center, as indicated by the relatively high dust concentration over Tasmania; (2) near the surface, dust particles were transported from central Australia northwestward along the front toward WA; and (3) at the upper levels (e.g., 850 and 600 hPa) over the same area, flow was mainly southwesterly and dust particles were transported northeastward. These rather interesting features revealed from the numerical modeling are identifiable from the satellite images shown in Figure 3 .
Sources and Sinks
[28] Suppose dust emission rate is F S and dust deposition rate is F D , then net dust emission can be defined as (Figure 6a ), the main dust sources were the desert areas in northern SA (S1), the grazing lands in western NSW (S2, with mining areas near Cobar and Broken Hill) and the farming areas in NSW and Vic (S3). Net dust emission also occurred in WA (S8). S1 was the strongest source, with the maximum dust emission rate exceeding 2000 mg m À2 s
À1
. Dust emissions from S2 and S3 were weaker. Apart from the dust source in WA (S8), dust emission occurred mainly behind the cold front where wind speed exceeded 6 m s À1 . Overall, on 22 October, dust emission dominated. On 23 October (Figure 6b ), dust emission was spread much wider but weaker in intensity. New dust sources S4, S5 and S6 emerged in NSW, Qld and NT. S4, S5 and S6 correspond to the Channel Country (near Birdsville), northern NSW floodplains (near Moree) and western Darling Downs. All these regions are open grasslands or farms with little perennial vegetation. During droughts, vegetation cover in these regions diminishes faster than regions with perennial bush or tree cover. The Channel Country is a well-known source area while the Moree and Darling Downs are known to be dusty in dry years. The fine sediments of loams and selfmulching clays in these three areas provide favorable conditions for dust emission. In NT, to the north of S4, there existed a large area of relatively weak dust emission (S7).
[29] The simulated net dust emission, i.e., F N , averaged over a 24 hour period for 22 and 23 October 2002 are shown in Figures 6c and 6d , respectively. As expected, net dust emission is significantly smaller than dust emission. The magnitude of maximum F N is about half that of F S . On 22 October (Figure 6c) , regions of significant net dust deposition (i.e., negative F N ) were confined, but to the north of S1, a region of substantial dust deposition (D1) can be found. On 23 October (Figure 6d ), net dust emission was much weaker. Surrounding the dust sources to the north, northeast and northwest were regions of significant dust deposition, D1, D2 and D3. The latter almost covered the entire eastern coastal area of Australia. Dust from S8 was deposited in the Indian Ocean.
[30] The total net dust emission I N is computed by integration of F N over the domain surface,
Likewise, the total dust load M can be obtained by integration of dust load over the domain. Figure 7a shows the time series of I S and I D (in Mt h À1 ) and Figure 7b shows the time series of I N (in Mt h exceeded dust emission. During the dust episode, peak net dust emission occurred in the (local) daytime of 22 and 23 October 2002. In the night, net dust emission was substantially weaker. The maximum net dust emission from Australia was found to be around 0.4 Mt h À1 which occurred at around 0600 -0800 UTC 22 October and 0600 UTC 23 October 2002. At 0600 UTC 23 October, the intensity of dust emission was not strong, but the area of dust emission was large. Because of the positive net dust emission, the total dust load was increasing until the maximum was reached at 0800 UTC 23 October. From that time, M decreased. The magnitude of the maximum total dust load is comparable with the estimate of McTainsh et al. [2005] . Their estimated total dust load falls between 3.35 and 4.85 Mt. In their study, dust in WA was not included. We have also calculated the total net dust emission and total dust load with WA excluded (Figure 7a) . Then, the modelestimated maximum total dust load is 5 Mt. This estimate is remarkably close to that of McTainsh et al. [2005] , although the methods used in the two studies are completely different.
[31] Deposition dominated the later stages of the dust episode. Strong net deposition occurred between 1100 and 2300 UTC 23 October 2002 (2000 LT 23 October and 0800 LT 24 October, night), with maximum exceeding 0.2 Mt h
. This was accompanied by a rapid decrease in dust load. In the 2 days to follow, net deposition continued although at a lower rate and dust load continued to decline. Dust load was below 2 Mt by 0000 UTC 26 October 2002, much of the dust was floating in the atmosphere over the ocean.
[32] The numerical results suggest that the total net dust emission during the 0100 UTC to 2200 -0800 UTC 23 October 2002 Australian dust event is about 6 Mt, of which 1 Mt from WA and 5 Mt from the rest of Australia. These estimates are consistent with the maximum dust load which occurred at 0800 UTC 23 October. The 6 Mt dust is [33] A portion of dust is deposited in the ocean. Dust emitted from the eastern part of Australia, including SA, Vic, NSW, Qld, and NT was deposited mainly in the Pacific to the east of Australia and the Gulf of Carpentaria. Dust emitted from WA was deposited in the Indian Ocean to the northwest of Australia. Figure 8 shows the distribution of dust load and deposition averaged over 0000 -2400 UTC 23 October 2002. On 22 October, dust load and deposition over the oceans surrounding Australia were very low (not shown). On 23 October, a significant dust load over the Pacific Ocean can be seen along the entire northeastern coast of Australia, as well as over the Indian Ocean. The highest dust load exceeded 1000 mg m À2 off the coast of Brisbane, the NW cape and the Gulf of Carpentaria (Figure 8a ). High dust depositions also occurred in these three areas, as seen in Figure 8b .
[34] The time series of total dust load over the ocean and total dust deposition in the ocean are plotted in Figure 9 . Over the ocean, dust load was increasing in the first 2 days of the dust episode, the occurrence of maximum dust load occurred was around 0000 UTC 24 October, about 12 hours later than that of maximum dust load over land. This delay in time is expected, as dust was transported from over land to over ocean. The maximum dust deposition in the ocean also occurred at 0000 UTC 24 October, reaching almost 0.04 Mt h
. In the subsequent days, deposition in the ocean continued.
[35] The dust balance over the period of 22-25 October 2002 is summarized in emission was deposited to the continent. Over the 4 day period, 1.12 Mt dust was deposited in ocean. By 2400 UTC 25, 1.01 Mt dust remained in suspension over the ocean, which we assume will eventually be deposited in the ocean. Thus the total amount of dust lost to the ocean during the dust episode is 2.13 Mt, which is 2.2% of total dust emission.
[36] In northeast Asia, severe dust storms frequently occur in spring. A number of numerical simulations on northeast Asian dust storms have been carried out in recent years [e.g., Shao et al., 2003; Han et al., 2004] . In terms of the orders of magnitudes of dust load, emission and deposition, the estimates of the two studies are consistent. We use the results of Shao et al. [2003] to compare the Asian and Australian dust storms, because the dust model used in that study is almost identical as the one used here. Between 1 March and 30 April 2002, seven successive dust events occurred in northeast Asia. Plotted in Figure 10a The former has a total dust load of 5.8 Mt (net dust emission 5.8 Mt), while the latter 4 Mt (net dust emission 3.5 Mt). The Australian dust storm also has larger dust emission and deposition. However, it is about 1/2 to 1/3 of the 5 -9 April Asian dust storm which has a total dust load of 16 Mt (net dust emission 14 Mt). Although the magnitude of dust emission and deposition are similar for both events, the Australian event lasted about 32 hours, much shorter than the 72 hours for the Asian event.
Discussion and Conclusions
[37] In comparison to the major dust sources in the Northern Hemisphere, such as the Sahara, the Middle East, and northeast Asia, Australia is a relatively minor contributor to the global dust budget [Tanaka and Chiba, 2006] . However, severe dust storms do occur in Australia, especially during drought years. According to McTainsh et al. [2005] , the 22-23 October 2002 dust storm is the most severe dust storm in Australia in at least the past 40 years. In this study, we have simulated this dust event using an integrated dust model.
[38] There is a lack of quantitative data for the verification of the model results. To our knowledge, only a few high-volume sampler measurements of dust concentration exist for this dust event, with only one in the dust source area. We have compared the simulated dust concentration with the TSP and PM 10 data for the locations where measurements are available. The model results are in reasonable agreement with the observations. We have also compared the simulated dust concentration with the surface visibility data and the satellite images, and it can be concluded that the model well reproduced the spatial pattern and temporal evolution of the dust field.
[39] The climatic background and synoptic features of this dust event are now clear. Prior to the dust event, the eastern part of Australia experienced a severe drought and periods of high temperature anomalies. As a consequence, the land surface was dry and lacked vegetation cover. The synoptic system that generated this dust event was a fast moving cold front accompanied by a low level trough. Strong wind (with velocity exceeding 12 m s À1 ) occurred behind the cold front, which entrained large quantities of dust particles into the atmosphere. The dust emitted from the regions behind the cold front converged to the frontal area and then diverged southeastward and northwestward along the front. As a consequence, high dust concentration was found near the front. In the upper levels, dust particles were mainly found in the trough, forming a narrow dust band stretching several thousand kilometers from the southeast coast to the desert in northwest Australia. This dust band was clearly visible from the satellite images.
[40] The simulations suggest that on 22 October 2002, the main dust sources were the desert areas in northern SA, the grazing lands in western NSW and the farming areas in NSW and Vic. Dust emission also occurred in WA. The desert areas appeared to be the strongest source. The maximum net dust emission rate was around 500 mg m À2 s
À1
, which is not excessively large in comparison to the dust emission rate in other areas of the world, for example the Gobi Desert in northeast Asia. On 23 October, dust emission was much wider spread but weaker in intensity. In addition to the above mentioned dust sources on 22 October, dust sources emerged in NSW, Qld and NT. The NSW dust sources were farming areas. The net dust emission in Australia was positive for the period of 0000 UTC 22 to 1100 UTC 23 October 2002. After 1100 UTC, net dust emission was negative. It is found that the daytime dust emission was stronger than the nighttime dust emission. This is expected, because the near-surface wind is generally stronger and the soil is drier during the day than in the night. The maximum total dust load over the simulation domain has been found to be around 5 Mt. This estimate is remarkably close to the 4.85 Mt estimate of McTainsh et al. [2005] , although totally different methods are used in the two studies. The total amount of dust eroded from the Australian continent during this dust event is around 95.8 Mt, of which 93.67 Mt is deposited back to the continent and 2.13 Mt is deposited in the ocean.
[41] It is likely that the model over estimated the total dust emission from the Australian continent, because the predicted dust emission in some areas behind the cold front lasted longer than expected. For example, dust emission from the desert areas in SA lasted for much of the 2 day period. This is because the dust emission model assumes that the amount of dust for emission is unlimited. However, in nature the amount of erodible dust is limited and once it is depleted from the surface, dust emission will cease. In other words, the aeolian process in reality is source limited. This is a rather difficult problem for dust models to handle, because the amount of dust available for dust emission depends on the history of wind erosion and the weathering process. In the current version of the dust scheme, the source limiting effect is not included. Despite this limitation, the model produces satisfactory results and elucidates where the dust source areas are, provides information on dust emission, load and deposition rates. Finally, the modeling approach allows us to compare this dust storm with others reported elsewhere in the world.
